The structural and electronic properties of the BxGa1−xN, BxAl1−xN, AlxGa1−xN and BxAlyGa1−x−yN compounds were studied using the full-potential linearized augmented plane wave method, within the generalized gradient approximation. We have compared the Al and B compositions dependence on the ground state properties: lattice parameters, bulk moduli and their pressure derivative, and band gap energies. The lattice parameters are found to change linearly for AlxGa1−xN, exhibit a downward bowing for both BxAl1−xN and BxGa1−xN, and has a very small deviation when Al is added and a large deviation when B is incorporated for BxAlyGa1−x−yN. The calculated band gap variation for the ternaries shows that the BxGa1−xN has a phase transition from direct-gap to indirect-gap for high boron contents (x > 0.75). As for BxAl1−xN, a direct-gap is found in the boron content range 0.07 < x < 0.83. For AlxGa1−xN and BxAlyGa1−x−yN compounds, they have been found to be direct-gap materials. The results show that the BxGa1−xN, BxAl1−xN, AlxGa1−xN and BxAlyGa1−x−yN materials may well be useful for optoelectronic applications.
Introduction
Over the last few years, group III nitrides and their compounds have attracted a great deal of attention as being among the most important materials systems for optoelectronic and electronic applications [1] . Gallium nitride (GaN), aluminum nitride (AlN) and related materials are of considerable current interest because of their applications in light emitting devices operating in the visible and deep ultraviolet (UV) spectral regions [27] . Boron nitride (BN) is a very good choice for protective coatings due to its hardness, high melting point and large bulk modulus for the cubic variety [8] . BN, on the other hand, has features of high thermal conductivity suitable for applications in electronic devices [9] .
Actually, high sensitivity avalanche photodiode detectors and compact lasers operating in UV range are needed for dierent applications such as biomedical, purication, convert communication and real-time detection of airborne pathogens [10] . Among the most promising candidate for lasers operating in the deep-UV spectral region is the BAlGaN system [11] , derived from GaN, AlN and BN. It can be lattice matched to 6H-SiC and AlN substrates [12] , and exhibit band-gap energies ranging from 3.6 eV to 6.2 eV and from 3.8 eV to 6.2 eV when lattice matched to AlN and 6H-SiC substrates, respectively, and corresponding wavelengths in the range 344 nm to 200 nm [13] .
Takano et al. [11] studied the crystal growth of the BAlGaN system using the low-pressure metalorganic vapor phase epitaxy (LP-MOVPE) to grow (BAlGaN) and (BAlGaN/AlN), using triethylboron (TEB), trimethyla- * corresponding author; e-mail: djoudilakhdar@yahoo.fr luminum (TMAl), trimethylgallium (TMGa) and ammonia (NH 3 ) as source materials respectively for B, Al, Ga and N atoms, and the Auger electron spectroscopy (AES) and X-ray diraction (XRD) to control the B, Al, Ga and N compositions in B x Al y Ga 1−x−y N layers.
In this present work, we have studied the structural and electronic properties of the B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N ternaries and B x Al y Ga 1−x−y N quaternary systems over the entire compositions x and y by performing ab initio calculations, based on the full-potential linearized augmented plane wave (FP-LAPW) method within the density functional theory (DFT) as implemented in the WIEN2K code [14] .
The plan of the present paper is as follows: after a description of the method as well as some details of the calculations in Sect. 2, the lattice parameters and band--gap energies of BN, AlN, GaN, B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N and B x Al y Ga 1−x−y N compounds are presented and discussed in Sect. 3. Finally, a brief conclusion of the present study is given in Sect. 4.
Calculation method
In this study, the structural properties and band gap energies of B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N and B x Al y Ga 1−x−y N solid solutions are investigated using the FP-LAPW simulation program approach based on the density functional theory, where we have used as approximation for the calculation of exchange-correlation energy functional: the well-known generalized gradient approximation (GGA) due to Wu and Cohen [15] .
To model A x B 1−x N compound, we have applied a 16-atom A n B 8−n N 8 supercell, which corresponds to a 2×2×2 supercell that is twice the size of a primitive unit cell in base plane direction. As for B x Al y Ga 1−x−y N, we
In the FP-LAPW calculations, each unit cell is partitioned into non-overlapping mun-tin spheres around the atomic sites. Basis functions are expanded in combinations of spherical harmonic functions inside the non--overlapping spheres. In the interstitial region, a plane wave basis is used and expansion is limited with a cut-o parameter, R MT K MAX = 7 for all the compounds. R MT is the minimum radius (MF) of the sphere in the unit cell; K MAX is the magnitude of the largest K vector used in the plane wave expansion. The MT radii are adopted to be 1.67, 1.74, and 1.67 bohr for B, Ga, and N atoms; 1.62, 1.68, and 1.62 bohr for B, Al, and N atoms; 1.76, 1.84, 1.62 bohr for Al, Ga, and N atoms; and 1.63, 1.67, 1.71, and 1.65 bohr for B, Al, Ga, and N atoms for B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N and B x Al y Ga 1−x−y N solid solutions, respectively.
The semi-relativistic approximation without spin orbit eects was employed in our calculations, where the core levels are treated fully relativistically [16] 
Structural parameters
The B x Al y Ga 1−x−y N quaternary system is bounded by three ternary systems: B x Ga 1−x N, B x Al 1−x N, and Al x Ga 1−x N. These ternaries, in their turn, are made up of three binaries BN, AlN, and GaN. The ground-state structural parameters have been obtained by minimizing the total energy with respect to the volume, by tting this total energy versus the volume data on the non--linear Murnaghan equation of state [17] . Hence, rst we computed the lattice parameter of the three binaries in their cubic structure with the space group F -43m (no. 216). Then, we studied the ternaries with the selected x-compositions: 0.25, 0.5, and 0.75. For x = 0.25 and 0.75, the related space group is P -43m (no. 215); however, for x = 0.50 the crystal structure belongs to the P -4m2 (no. 115) space group, which is a tetragonal structure.
In Table I , we summarize the calculated lattice constants and the bulk module and its pressure derivative of binaries and ternaries together with the available experimental and theoretical data. As can be seen, the obtained lattice constants for binaries are in reasonable agreement with the experimental data [18, 19] . It is found out that the calculated bulk modulus and its pressure derivative for BN is 3.5% and 0.49% smaller, respectively, than the experimental value [20] .
As for AlN, the calculated bulk modulus is 5.26% greater than the experimental value [21] . The lattice parameter of ternaries has been found to be deviated from Vegard's law [22] with the bowing parameters: −0.42 ± 0.041 Å, −0.306 ± 0.021 Å, and 0.017 ± 0.001 Å for B x Ga 1−x N, B x Al 1−x N, and Al x Ga 1−x N, respectively. It is found out that the calculated bulk moduli for the B x Ga 1−x N and B x Al 1−x N compounds increase non--linearly with the boron composition increasing as well as for Al x Ga 1−x N with the aluminum composition increasing. A non-linear variation of the derivative of the bulk moduli for the ternaries has been also observed. To estimate the B x Al y Ga 1−x−y N lattice parameters dependence on B and Al concentrations, we have performed a list of calculations for B x Al y Ga 1−x−y N for dierent B and Al compositions.
In Table II , we summarize the calculated lattice constants, the bulk moduli and their pressure derivatives and the structure's nature of B x Al y Ga 1−x−y N. Obviously, the change of phase corresponding to dierent values of the compositional parameter x and y for the B x Al y Ga 1−x−y N compound (216/F -43m/cubic, 119/I-4m2/tetragonal and 22/F 222/orthorhombic) has a predictive character, which one would expect from the DFT calculations, and is subject to the experimental verication. According to the results plotted in Fig. 1 , the lattice constant of B x Al y Ga 1−x−y N depending on B and Al--concentrations can be tted as follows:
(1) These results indicate that the B x Al y Ga 1−x−y N lattice constant has a very small deviation and decreases when Al is added, and has a large deviation and decreases when B is incorporated. These results might be due to the size and electronegativity mismatch between B and Al atoms atoms (χ B = 2.04 and χ Al = 1.61). This equation allows us to calculate the lattice parameter for B 
Band gap energies
Knowing the energy band structures in semiconductors provides a valuable information as regards their potential utility in the fabrication of electronic and optoelectronic devices. As group III nitrides and their compounds are promising materials for their application in electronic and optoelectronic devices, the accurate knowledge of the band structures of the B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N and B x Al y Ga 1−x−y N compounds becomes essential.
We have used the FP-LAPW method to calculate mainly the band-gap energies of BN, GaN, AlN, B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N and B x Al y Ga 1−x−y N at the equilibrium calculated lattice constants.
The obtained Γ and X-band-gaps of semiconductor (SC) are listed in Table III and compared with the available experimental and theoretical data. The results show that GaN has a direct-gap with the minimum of conduction band at the Γ point; BN and AlN have an indirect--gap with the minimum energy gap at the X point. It is clearly seen that the band-gaps of SC are, on the whole, underestimated in comparison with the experimental results, and are in good agreement with the theoretical data listed in Table III . The large dierence in the calculated values of the band gaps as compared to the experimental values can be explained by the fact that, in the electronic band structure calculations within DFT, the GGA underestimates the energy band gap in semiconductors, and it can be demonstrated that within these approximations, the self-interaction error and the absence of derivative discontinuity in the exchange-correlation potential cause a signicant underestimation (up to 50%) of the band gap [23] .
The band-gap energy of an A x B 1−x C compound can be depicted as a function of the A composition x, and can be approximated using the following Eq. (2):
where E g (x) is the band-gap energy of the A x B 1−x C solution; E gAC and E gBC are the band-gap energies of the binary compounds AC and BC, respectively, and the quadratic term b is the bowing parameter of A x B 1−x C.
After the good tting, the band-gap energies of the B x Ga 1−x N, B x Al 1−x N and Al x Ga 1−x N obtained with the equilibrium lattice are plotted in Fig. 2, Fig. 3 and Fig. 4 , respectively. The B x Ga 1−x N has a phase transition from direct to indirect-gap for high boron contents (x > 0.75). For B x Al 1−x N, a direct-gap is found for 0.07 < x < 0.83. As for Al x Ga 1−x N, its gap has been found entirely direct.
The calculated band structures of B x Al y Ga 1−x−y N compound for dierent x and y values, using the GGA (WC) scheme, have been displayed in Fig. 5 , where we have taken as an example four pairs of (x, y) concentrations, (0.125, 0. We have plotted the energy band-gaps for B x Al y Ga 1−x−y N with the compositional parameter y taken to be 0.25, 0.5 and 0.75 as shown in Fig. 6 and with the compositional parameter x having the 0.25, 0.5 and 0.75 as shown in Fig. 7 . Both gures show that the quaternary have a direct gap and the boron induced leads to an increase of the gap over a large range of 81.53%, and the aluminum induced leads to an increase of the gap over a range of 24.82%, the curves of two gures obey the following variations: direct gap The calculated structural and electronic properties of the B x Al y Ga 1−x−y N compound for dierent boron and aluminum compositions (x, y) show a linear behavior of the lattice constant and a non-linear behavior of the direct and indirect band-gaps. The incorporation of boron decreases the lattice parameter of the quaternary by 15.72% and increases the energy gap by 81.53%, while the incorporation of aluminum reduces the lattice parameter by 2.45% and increases the energy gap by 24.82%, which gives a great importance for the boron incorporation.
Finally, it has been found that this compound is a direct gap material. This essential characteristic indicates that those materials (B x Ga 1−x N, B x Al 1−x N, Al x Ga 1−x N, and B x Al y Ga 1−x−y N) can be useful for optoelectronic applications. The calculated band-gap energy of BAlGaN is in the range of 3.121 eV to 5.122 eV, corresponding to the wavelength range of 397 nm to 242 nm. Therefore, the BAlGaN system is a promising material for use in semiconductor lasers that operate in the ultraviolet (UV) spectral region.
